Polar cod is an abundant Arctic key species, inhabiting an ecosystem that is subjected to rapid climate 23 change and increased petroleum related activities. Few studies have investigated biological effects of 24 crude oil on lipid metabolism in this species, despite lipids being a crucial compound for Arctic 25 species to adapt to the high seasonality in food abundance in their habitat. This study examines the 26 effects of dietary crude oil exposure on transcription levels of genes related to lipid metabolism 27 (peroxisome proliferator-activated receptors [ppar-α, ppar-γ], retinoic X receptor [rxr-β] Additional fish were exposed to a PPAR-α agonist (WY-14,643) to investigate the role of PPAR-α in 32 their lipid metabolism. The dose-dependent up-regulation of cyp1a1 reflected the activation of genes 33 related to PAH biotransformation upon crude oil exposure. The crude oil exposure did not 34 significantly alter the mRNA expression of genes involved in lipid homeostasis except for cyp7α1 35 transcription levels. Plasma levels of cholesterol and alanine transaminase showed significant 36 alterations in fish exposed to crude oil at the end of the experiment. WY exposure induced a down-37 regulation of ppar-α, an effect contrary to studies performed on other fish species. In conclusion, this 38 study showed clear effects of dietary crude oil exposure at environmentally relevant concentrations on 39 xenobiotic biotransformation but revealed only weak alterations in the lipid metabolism of polar cod. 40 41
Introduction 46
Polycyclic aromatic hydrocarbons (PAHs) are regarded as the primary toxic constituents in crude oil 47 and are commonly studied with regard to biological effects of petroleum exposure in fish (e. The Arctic is undergoing rapid climatic changes and climate models predict an ice-free Arctic Ocean 69 during summer month by the middle of this century (IPCC, 2013) . A reduction in sea ice unveils new 70 opportunities for the petroleum industry, allowing exploration of petroleum resources on the Arctic 71 continental shelves. The exploitation of petroleum resources in Arctic waters would, however, increase 72
Experimental design 139
The set-up of the study consisted of two parallel feeding experiments, where polar cod specimens were 140 exposed for 32 days to either Goliat Kobbe crude oil at four different doses (control, low, medium and 141 high) or to the PPAR-α model agonist WY-14.643 (WY) and the appurtenant solvent control 142 (acetone). Kobbe crude oil is a light crude oil that is produced and transported in the Barents Sea 143 (Sørheim and Moldestad, 2008) , hence a crude oil type that polar cod could be exposed to in a 144 potential oil spill in Arctic waters. The feed preparation for the crude oil treatments and a detailed 145 PAH composition of the fish feed are described in detail in Vieweg et al. (2017) . Briefly, Calanus sp., 146 a relevant and important natural food of polar cod (Hop and Gjøsaeter, 2013), was mixed with four 147 different doses of crude oil (0, 0.5, 2, 4 mg crude oil/ g feed) without any solvent vehicle with a 148 magnetic stirrer for 5 minutes. For the WY feeding experiment, the WY chemical was at first 149 dissolved in acetone (16.8 µg/ µL acetone) and subsequently mixed to Calanus sp. at a final 150 concentration of 1.7 mg WY per g feed (Table 1 ). The appurtenant solvent control (So-Co) was 151 prepared by mixing 101 µL acetone per g Calanus sp. Following, the acetone was volatilized both 152 from the WY and So-Co treatments by constant stirring on a magnetic stirrer for 2.5 hours at 30 ºC. 153
For all six feed preparations, starch (20% of the total feed weight) was added in order to increase the 154 consistency of the feed and to allow force-feeding with minimal regurgitation from the fish. Food was 155 supplied to the fish through force-feeding in order to control the exact dose received by each 156 individual fish. 157
Every 4 th day and in total 8 times, fish were force-fed 0.6 g feed with either of the 6 feed treatments, 158 aiming to provide the fish with approx. 3% of their body weight (based on the mean total weight of all 159 fish at the experiment start). The feed was carefully introduced into the fish`s throat with the help of a 160 1 mL Tuberculin syringe. The mean (± SD) dietary crude oil doses received by the fish corresponded 161 to 0, 3.9 ± 0.9, 15.5 ± 3.0 and 26.3 ± 6.0 µg crude oil/ g fish/ day for control, low, medium, and high 162 doses, respectively (Table 1) . The WY dose corresponded to 11.8 ± 2.3 µg WY/ g fish/ day (Table 1) . 163
Directly after feeding, fish were kept under observation to control for regurgitation and a maximum of 164 5% feed loss was anticipated per fish and feeding, based upon results in a previous pilot experiment. 165 Fish were sampled every 8 th day (n=10 fish/ treatment) for a total of five time points (day 0, 8, 16, 24 166 and 32), whereas only 10 control fish were sampled at the experiment start (day 0). At each sampling 167 point, fish were anesthetized in a Finquel ® bath (50 mg Finquel ® /L water) and blood was sampled; 168 thereafter fish were sacrificed with a sharp blow to the head. Blood (approximately 0.3 mL) was taken 169 with a heparinized syringe from the caudal vein and transferred to a heparinized vial. The samples 170 were kept on ice until centrifugation for 30 minutes at 4 ºC (3500 rpm). Total and somatic (excluding 171 gut, liver and gonads) weights (± 0.1 g), total length (± 0.1 cm) and sex of each fish was recorded. 172
Sections of liver and gonad were immersed in RNAlater ® (Ambion, Thermofisher Scientific) right 173 after being dissected out of the fish, the samples were kept on ice until they were snap frozen in liquid 174 nitrogen and stored at -80 º C until molecular analyses (approx. 3 months of storage). For histological 175 analysis, the middle section of the gonad was stored in 4% neutral buffered formalin (v:v). 176
Gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated according to the 177 following equations: GSI = (gonad weight/ somatic weight) x 100 and HSI = (liver weight/ somatic 178 weight) x 100. 179
Gene transcription levels 180
2.3.1 RNA extraction, cDNA synthesis and sequencing of target genes 181
In order to obtain total RNA from liver, 50 -100 mg tissue of 8 -10 fish per treatment group from each 182 time point (Table 2) confirmed with BLAST analysis (GenBank) and used to design specific primers for polar cod (Table  198 3) with the help of PRIMER EXPRESS 3.0 (Applied Biosystems, Thermofisher Scientific) and 199 Thermofisher Scientific) and for each run the plate contained samples from all time points and 214 treatments of the experiment. The qPCR conditions were optimized for each primer (Table 3) 
Histological analysis of gonads 232
The formalin-fixed sections of polar cod gonad from the same fish specimens as those analyzed for 233 gene transcription (Table 2) season. Male testicular sections (n=121) were categorized into four progressive gonadal maturity 245 stages classified as testis that were resting, maturing, ripe, or spent ( Figure S2 ). In ripe males, 246 spermatozoa were present in the lumen of lobules but no milt was released from the abdomen of the 247 fish when pressure was applied. Spawning of the male fish was not observed during the experiment. 248
Plasma chemistry 249
Plasma chemistry analyses were run on replicate composite samples containing 3 or 4 individual fish 250 for each sex and dose from the day 32 samples. Because there were few individuals for each sex and 251 only limited quantities of blood were retrieved from each fish, only 1 or 2 composite samples for each 252 sex were generated. Therefore the results for the sex-specific composites were analyzed together in 253 order to increase the number of replicates per treatment. Blood plasma samples were analyzed by 254 using an automated blood chemistry analyzer (VetTest 8008), following the method described in 255 
Statistical analyses 261
Treatment effects in fish exposed to crude oil (low, medium, high) and WY were tested by relating 262 responses to control fish or So-Co fish, respectively. Significant differences in transcription levels for 263 cyp1a1, ahr2, ppar-α, ppar-γ, rxr-β, aox1, and cyp7α1 related to treatment and the exposure time were 264 tested for significance by two-way analysis of variance (ANOVA) after log-transformation of the data 265 in order to comply the assumption of normal distribution (tested by Shapiro-Wilk Normality test) and 266 homogeneity of variance (Levene´s test). For these analyses, fish samples from day 0 were removed as 267 this time point only includes the control treatment. Significant differences found were followed by a 268 post hoc test on differences between means with the Tukey`s honest significant difference test. The 269 data set showed an unbalanced ratio of male and female fish in several treatment groups (Table 2) . 270 Hence, differences in transcription levels related to fish sex were tested on a reduced data set that 271 included only treatment groups with a balanced sex ratio (Table 2) . First, differences in transcription 272 levels were tested for all genes by an independent t-test in the control samples and mean transcription 273 levels did not differ significantly between females and males for all genes except of vtg-β and 274 cyp19a1. Hence, sex-related differences in transcription levels of cyp1a1, ahr2, ppar-α, ppar-γ, rxr-β, 275
aox1, and cyp7α1 were tested by one-way ANOVA. For vtg-β and cyp19a1, differences in 276 transcription levels related to treatment and time point were tested separately for female and male fish. ) and these measures did not significantly differ among treatments and time points. The sex ratio in 295 the experiment was generally skewed toward more males (n=139) than females (n=101); this is 296 especially evident in the medium crude oil treatment group at day 16 that contained only male fish 297 (n=9) ( Table 2 ). Polar cod males and females cannot be distinguished based on their phenotype, hence 298 an unbalanced sex ratio is a common challenge in experiments performed with polar cod. 299
The GSI values were higher in males compared to females in the beginning of the experiment but 300 decreased over time, while GSI was relatively stable in female fish throughout the experimental period 301 (Table 3 ). All female fish exhibited PG oocytes indicative of females being either in a stage of 302 regeneration or immaturity. POFs were only found in three females from the control group (day 24), 303 low treatment (day 8) and high treatment (day 32) and indicated recent spawning. In male fish, the 304 gonadal maturation stages in fish were significantly different between the time points when all 305 treatments were combined (Fisher`s Exact test, p<0.001), changing from 60% males with maturing 306 gonads at day 0 to 5% and then no males in the maturing stage at day 24 and day 32, respectively 307 ( Figure S3 ). At day 24 and day 32, male fish exhibited mostly spent gonads ( Figure S3 ). The progress 308 in male maturation was also reflected in GSI values, which decreased significantly from day 0 to the 309 following time points of the experiment (GSI = -0.3 · day + 9.6, r 2 =0.89). The crude oil and WY 310 treatments did not affect the composition of gonad maturation stages in the treatment groups (Fisher´s 311 Exact test, p>0.05), neither did the treatments show effects on the GSI values (Table 3) . 312
Gene responses after dietary exposure to crude oil and the mammalian PPAR agonist WY 313
Analyses of PAH levels in the fish feed showed a positive linear relationship with increasing nominal 314 concentrations of crude oil added to the feed (Table 1) . Crude oil treatments induced a significant and 315 dose-dependent up-regulation of cyp1a1 in liver for most time points ( Figure 1A ) and the comparison 316 of the cyp1a1 responses between time points showed significant differences (Table S4) . No treatment 317 effect was found in transcription levels of ahr2, however the ahr2 responses differed significantly 318 between time points for the control and low treatments ( Figure 1B , Table S4 ). Effects of dietary crude 319 oil on the transcription of genes related to lipid metabolism were only found in isolated cases ( Figure  320 2, Table S4 ). The crude oil treatment did not significantly affect the transcription levels of genes 321 related to the regulation of lipid metabolism (ppar-α, ppar-γ) (Figures 2A and 2B , Table S4 ), β-322 oxidation of fatty acids (aox1) ( Figure 2D , Table S4 ) and reproduction (vtg-β and cyp19α1) (Figure 3 , 323 Table S4 ). However, a significant treatment effect was found in cyp7α1 at day 24 where fish exposed 324 to low and high crude oil doses showed a down-regulation of cyp7α1 compared to control fish ( Figure  325 2E, Table S4 ). Furthermore, at day 32, polar cod in the control and medium treatment group showed a 326 significant up-regulation of rxr-β transcription compared to earlier time points ( Figure 2C , Table S4) . 327
There was a general pattern of high variability in gene transcription levels among individual fish that 328 further resulted in high variability within treatment groups, as can be exemplified in the transcription 329 levels of aox1 ( Figure 2D ) and of the genes related to reproduction (Figure 3) . 330
The mammalian PPAR-α agonist WY induced a significant down-regulation of ppar-α at day 16 331 (Figure 4A ), whereas no significant regulation of the PPAR target genes, aox1 and cyp7α1 was found 332 in exposed polar cod ( Figure 4B and Figure 4C, respectively) . 333
The sex and gonadal maturation stage of polar cod did not significantly affect transcription levels in 334 cyp1a1, ahr2, ppar-α, ppar-γ, rxr-β, aox1, and cyp7α1 but transcription levels in genes related to 335 reproduction (vtg-β and gonadal cyp19a1) were different between female and male fish. Higher 336 transcription levels were found in females and males for vtg-β and cyp19a1, respectively (Figure 3) . 337
Plasma chemistry 338
In the crude oil treatments at day 32, polar cod showed increased levels for several plasma parameters 339 (TAGs, total protein, glucose, globulin, cholesterol, inorganic phosphate and albumin) compared to 340 control fish (Table 4) with the latter three parameters exhibiting a dose-related response (Figure 5) . 341
The highest crude oil dose provoked significantly higher levels of cholesterol ( Figure 5B ) and close to 342 significant differences for inorganic phosphate levels (p=0.0058) and albumin (p=0.066) compared to 343 control ( Figure 5A and Figure 5D , respectively). The enzyme alanine transaminase (ALT) alone 344 exhibited declining levels that were dose-responsive, and significantly lower for the medium and high 345 crude oil treatments compared to the control ( Figure 5C ). In all fish, levels of alkaline phosphatase 346 (ALKP), lipase and amylase were below the limit of detection, except for one positive value for ALKP 347 in the So-Co treatment. 
Effects of crude oil on genes and plasma parameters related to lipid metabolism 379
The dietary exposure to crude oil caused only few significant changes at transcriptional and 380 physiological level in exposed fish. A down-regulation of cyp7α1 transcription was found at day 24 381 and prolonged crude oil exposure caused significant changes in plasma chemistry parameters in 382 exposed polar cod at day 32 (increased cholesterol and decreased ALT levels). Cholesterol 383 characterizes the nutritional status in fish (Sheridan and Mommsen, 1991) and ALT is a liver enzyme 384 that is involved in the catabolism of amino acids. These parameters were also affected by PAH 385 exposure in salmonids, inducing physiological condition in the exposed fish that were similar to those PPAR-α target genes aox1 and cyp7α1 were not observed upon WY exposure, neither did cholesterol 437 levels change in WY-exposed polar cod (Table S5 ). Despite the fact that the WY dose (50 µg WY/ g 438 fish) was similar in the study by Urbatzka et al. (2015) and the present study, it is important to remember 439 that the former research group exposed turbot through intraperitoneal injection, which may increase the 440 bioavailability of WY for the organism and thereby prevent the direct comparison of the results. ovaries compared to vitellogenic stages (Sardi et al., 2015) . In male fish, the gonad maturation 459 progressed over the course of the experiment and transcription levels of cyp19a1 should be considered 460 as very low and just above background levels. 461
Conclusion 462
The dietary crude oil exposure did not show significant effects on the mRNA expression of most genes 463 studied in the present study, which are related to important processes in lipid metabolism (ppar-α, 464
ppar-γ, rxr-β, aox1) and reproduction (vtg-β, cyp19α1). This might be related to the relatively low 465 crude oil doses used in the present experiment, though reflecting environmentally relevant levels of 466 petroleum compounds that polar cod could be exposed to in their habitat after an oil spill. The 467 exposure affected, however, transcription levels of cyp1a1, which is indicative of a successful 468 exposure and bioavailability of the contaminant. Crude oil exposure effects were observed for cyp7α1 469 after prolonged exposure (day 24) and as increased cholesterol and decreased alanine transaminase 470 plasma levels at day 32. These effects suggest an alteration in lipid homeostasis in exposed fish 471 despite relatively low but environmentally relevant exposure doses to crude oil. Further work is 472 required in order to understand the significance of the present results and their potential implications 473 for the fitness and survival of polar cod, especially during winter months. The dietary exposure to 474 crude oil and the mammalian PPAR-α agonist WY did not cause effects in polar cod that are 475 associated with peroxisome proliferation as seen in mammals and other fish species. Whether this is 476 related to a distinctive substrate specificity of PPARs in polar cod needs to be further investigated 477 through for instance functional and substrate-binding assays. 478
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